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1. Introduction
Commercial forestry has seen an increase in the use 
of	mechanized	harvesting	 in	 the	past	 few	decades	
(Jiroušek et al. 2007). Cut-to-length (CTL) logging, in-
volving	a	harvester	and	a	forwarder,	is	one	system	of	
harvest that can be fully mechanized (Holtzscher and 
Lanford 1997, Nurminen et al. 2006). Although it has 
been used and studied extensively on a global scale, 
mechanized	CTL	is	a	fairly	new	technology	in	South	





oil requirements (Athanassiadis 2000, Berg and Karj-
alainen 2003). Both the fuel consumed by large har-
vesting	machines	as	well	as	the	oils	and	lubricants	that	
they	require	not	only	present	an	expense	that	should	
ideally be minimized, but also contribute to emissions 
(Markewitz	2006,	Cosola	et	al.	2016).	This	is	important	
because carbon emissions, notably CO2, have been 










while	emitting	4.22–4.25	tons	of	CO2. He also found 
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Abstract
Recent and increasing use of mechanized cut-to-length (CTL) operations in South Africa has 
been associated with greater diesel and lubricant requirements than was previously the case 
with motor-manual or semi-mechanized activities, placing a strain on the environmental and 
economic sustainability of operations. This case study explores diesel and lubricant consump-
tion of a typical CTL pine saw timber operation, taking into account the stand and terrain 
factors, with the aim of setting baselines for these consumption rates as well as carbon emis-
sions. Data analyzed was provided by Bosbok Ontginning, a contractor based in Mpumu-
langa, throughout their clear-fell operations over the 49 compartments from May 2014 to June 
2015. The mean diesel consumption rate was found to be 0.64 l m-3 and 0.38 l m-3, while the 
lubricant consumption was 0.08 l m-3 and 0.03 l m-3 for the harvester and the forwarder, re-
spectively. Carbon emissions from diesel were found to account for less than 1% of the carbon 
stored in the harvested timber. Statistical analysis showed that tree size, stand density and 
ground condition were not significant predictors of either diesel or lubricant consumption. 
Prior research suggests that other factors not included in this study (i.e. machine character-
istics, operator habits and productivity) may have a more pronounced effect on diesel consump-
tion. Future studies should therefore be conducted to analyze these factors within South Afri-
can conditions as well as explore stand and terrain conditions more specifically and over more 
diverse stand and terrain conditions as well as machine types.
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variables,	 as	well	 as	machine	 specifics	 (Berg	 1997,	
Athanassiadis	2000,	Klvač	and	Skoupý	2009,	Ghaffari-
yan et al. 2015, Cosola et al. 2016). In fact, in their lit-
erature	review	on	the	carbon	footprints	of	different	
management regimes, Cosola et al. (2016) found that 
operations	 in	plantations	 tended	 to	produce	 lower	
emissions	due	 to	easier	access	and	working	condi-
tions.
Although mechanized harvesting is a source of 
carbon	emissions,	forestry	has	been	shown	to	have	the	
potential	to	play	a	role	in	stabilizing	atmospheric	CO2 
as trees sequester carbon into their biomass (Berg and 
Karjalainen 2003, Tavoni et al. 2007, Cosola et al. 2016). 
In	many	countries,	carbon	sequestration	is	used	to	off-














studies have been conducted on the carbon balances 
of	forest	operations	in	South	Africa.	Those	that	have	
been conducted tend to focus either on machine emis-
sions or on carbon storage in biomass exclusively. As 












Þ  Estimate	diesel	and	lubricant	consumption,	CO2 
emissions and carbon stored in harvested timber 







2. Materials and methods
2.1 Data collection
Data	used	in	this	study	was	provided	by	Bosbok	









Bosbok Ontgnning’s historical records (outlining 
















to	 the	machine	 records,	which	were	 in	 turn	made	
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1994).	 Compartments	 were	 characterized	 by	 low	




fered mostly in terms of their ground condition, a mea-













similar	 experience	 and	 were	 deemed	 adequately	
trained	 for	 the	 operations.	All	machines	were	 ad-
vanced	in	operating	hours	(Table	1).
Based	on	Erasmus’	 (1994)	national	classification	

















Table 1 Machine and operator specifications relating to harvesters and forwarders studied
Harvester I Harvester II Forwarder I Forwarder II
Make and model John Deere 759JH John Deere 759JH John Deere 1710D John Deere 1710D Eco III
Engine power, kW 179.7 179.7 160 160
Age (in April 2015), PMH 19,095 11,348 18,723 5196
Average operator experience (years) 2.25 3 2.5 2.5
Table 2 Stand and terrain characteristics of harvested compartments, grouped based on ground condition class (standard deviations are 
shown in brackets)
Ground condition Ground roughness Slope class Age, years Stand density, stems ha-1 Tree volume, m3 Sample size, n
1 1.05 (0.15) 1.53 (0.24) 23.01 (1.49) 287.05 (60.44) 1.15 (0.21) 19
2 1.00 (0.00) 1.54 (0.28) 22.97 (1.28) 402.69 (109.00) 0.87 (0.23) 7
3 1.50 (0.41) 1.75 (0.20) 23.69 (0.49) 284.33 (64.34) 1.12 (0.36) 3
4 1.00 (0.00) 1.55 (0.14) 23.22 (0.94) 343.17 (94.64) 1.07 (0.17) 15
5 1.29 (0.50) 1.57 (0.11) 22.89 (1.91) 327.16 (38.96) 1.16 (0.26) 19
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Fuel daily diesel volume consumed, l
FD  carbon content of diesel, 0.731757 kg C l-1	(EPA	
2008)






    conversion factor for C to CO2 based on 
their	molecular	weights,	3.6667	g	CO2 g C-1 
(EPA	2008)


















Fcarbon  fraction of oven-dry mass that is carbon, as-
sumed	to	be	0.5	(Christie	and	Scholes	1995)
Statistical	analysis	aimed	 to	determine	whether	
tree size, stand density and ground condition are sig-
nificant	predictors	of	diesel	and	lubricant	consump-
tion.	However,	the	available	data	from	Bosbok	Ontig-
inning’s	 historical	 records	 were	 limiting.	 Due	 to	
unbalanced	 and	 incomplete	 block	design,	 relevant	
analysis	was	only	possible	for	the	harvester	and	not	
for	the	forwarder.	Analysis,	including	basic	statistics,	
correlation analysis and an analysis of covariance 














had	an	average	productivity	of	45.92	m3 PMH-1 (Table 
3).	Availability,	utilization	and	productivity	figures	for	
the machines can be found in Table 3.
Table 3 The average availability, utilization and productivity of the 








Harvester 74.52 68.84 54.13
Forwarder 91.87 78.52 45.92





and 0.03 l m–3	or	1.09	l	SMH–1,	respectively	(Table	4).	
Further,	CO2 emissions of the harvesters from diesel 
Table 4 Diesel and lubricant consumption as well as emission estimates (calculated based on EPA (2008)) for the harvester and forwarder 













Harvester 0.64 23.55 0.08 2.62 63.18 1.71
Forwarder 0.38 13.45 0.03 1.09 36.08 1.02
Full CTL system 1.02 37.00 0.11 3.71 99.26 2.73
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lated to be 260 kg m–3. As such, throughout the study 
period,	carbon	emissions	from	CTL	operation	were	




















actually only a small decrease in the mean diesel con-
sumption	rate	in	good	ground	conditions	versus	poor	
ground conditions (0.71 l m-3 and 0.67 l m-3,	respec-
tively).	Another	GLM	was	conducted	between	lubri-












sumption	 values	 found	 in	 this	 study,	 which	 were	
0.64	l	m–3	for	the	harvester	and	0.38	l	m-3 for the for-
warder	(Table	4),	are	within	the	range	of	those	reported	
in	prior	studies,	although	on	the	lower	end	(Athanassi-








Dias	et	al.	(2007)	estimated	3.12	kg	m–3 and 2.31 kg m–3 
for	harvesters	working	on	Eucalypt	and	Maritime	pine,	
respectively,	 as	well	 as	 2.43	 kg	m–3	 for	 forwarders.	











ones	found	in	this	study	(0.08	l	m–3 for the harvester 
and 0.03 l m–3	for	the	forwarder)	are	approximately	
twice	as	high	as	those	reported	in	Athanassiadis	(2000).	
According to Athanassiadis et al. (1999), harvesters 
tend	to	consume	twice	as	much	lubricant	as	forwarders	
due	to	the	complexity	of	the	machine	and	potential	




tained results. In fact, studies have found that machine 
and	engine	characteristics,	terrain	conditions	as	well	
as	operator	habits	can	significantly	affect	diesel	con-






tion.	 This	 contrasts	 Cosola	 et	 al.	 (2016)	 review,	 in	
which	they	found	that	tree	volume	affected	fuel	con-
sumption	through	changes	in	productivity	because	














tion	 if	 the	difference	 in	 conditions	was	 substantial	
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ated	 with	 travelling	 distance	 (since	 the	 harvester	
would	likely	move	a	greater	distance	between	felling	
locations	to	harvest	trees	that	are	spaced	further	apart),	





results suggest that stand density should not necessar-
ily	be	considered	a	proxy	for	distance	travelled	in	fu-


























management	approach	used	 for	 the	 stand	 that	 are	
most	important	when	considering	diesel	consumption	
rates (Athanassiadis et al. 1999, Berg and Karjalainen 








mended that further research be conducted to investi-
























lated to be 2.73 kg m-3	and	carbon	stored	in	logs	was	

















rates.	When	comparing	 to	prior	 research,	 it	 is	 also	
evident that other factors, such as the machine itself, 
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data.	Markedly,	the	data	used	in	this	study	only	rep-
resents	average	values	over	a	relatively	short	period	
of	 time.	 It	would	be	useful	 to	conduct	 longer	 term	
studies	with	more	specific	data	to	further	analyze	the	
work	condition	factors	that	affect	diesel	consumption	
and	emissions,	both	 important	 in	 terms	of	making	






















































EPA,	 2008:	 Direct	 Emissions	 from	 Mobile	 Combustion	
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